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Abstract

Extracellular polymeric substances (EPS) shape the immediate environment for microbial survival and biofilm formation. Dynamic
agglomeration of EPS dominates the formation kinetics and structural properties of activated sludge flocs as a consequence of
biopolymer interactions across the wastewater treatment process. Current partial understanding and imprecise modeling of the
structure hinder the comprehensive elucidation of the dynamic reorganization of clusters as component interactions change, causing
a gap in the fundamental knowledge of EPS generation and functions. Here, biopolymer models of aerobic activated sludge and
anaerobic digestion sludge (ADS) were constructed through molecular screening, and the dynamic landscape of EPS multicomponent
clusters was then captured by an extensive set of molecular dynamics simulations. Biopolymer chains are assembled hierarchically
driven by interactions between polar functional groups and stabilized by hydrogen bonding and van der Waals forces after several
substates to obtain the final conformation. Electrostatic repulsion induced by carboxylic groups causes the rugged energy landscape
of the process. Biopolymer molecular arrangement governed by polar interactions determines the nonuniform distribution of
functional groups and characteristic regions, resulting in the microscopic heterogeneity of EPS clusters. The structure of alpha-helices
enhances protein aggregation efficacy by facilitating more polar interactions compared with other residues. Meanwhile, the flexible
branched structure and amphiphilic unit improve the energetic contribution of polysaccharides to EPS structural stabilization. Higher
humic substance and carboxyl groups content primarily weaken the structural strength of ADS EPS. In general, this study proposes
a powerful approach for investigating the molecular choreography within EPS, utilizing atomic simulations based on solved
structures to explore the contribution of specific biopolymer features to structural energetics, providing theoretical insights to
guide EPS-engineered regulation in wastewater treatment processes.
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Significance Statement

Structural properties of extracellular polymeric substances (EPSs) determine the immediate environment for microbial survival and
characterize biofilms. Aerobic activated sludge and anaerobic digestion sludge processes are essential for global wastewater purifica-
tion and organic matter resource conversion and recovery; unraveling their EPS compositions and functionalities can better guide pro-
cess innovations. Limitations of current characterization methods cause gaps in the fundamental knowledge of EPS generation and
functions. Here, we provide a brute-force molecular dynamics approach for resolving EPS clusters and construct several representa-
tive EPS cluster models through molecular characterization and modeling. The results of the modeling analysis provide valuable in-
sights into the formation pathways and biopolymer arrangement rules of EPS clusters.

Introduction

Activated sludge process is the most prevalent biological waste-
water treatment technology and will continue to play an irre-
placeable role in wastewater treatment plants (1, 2). Activated
sludge consists of microorganisms in forms of flocs, granules, or
biofilms (3). Flocs including aerobic activated sludge (AAS) and an-
aerobic digestion sludge (ADS) are commonly used in wastewater
purification and organic resource conversion, whose performance
has a considerable impact on the overall efficiency and en-
vironmental effects of wastewater treatment plants (4, 5).
Extracellular polymeric substances (EPSs) from microorganisms
represent the main components of the agglomerate matrix, and
their composition, properties, and dynamics have substantial ef-
fects on the microbial activities and sludge characteristics (6-8).
Transformation of hydrophilic components and functional
groups in AAS EPS causes changes in sludge properties during an-
aerobic digestion (9, 10). EPSs contribute to various biopolymer
structural properties (adsorption, hydrophilic/hydrophobicity,
and viscoelasticity) due to their complex origin and formation pro-
cess (11). The resulting structures protect microbial cells against
the external environment and allow microbial aggregates to per-
form biochemical functions at the cell interface (12, 13).
Additionally, the effect of EPS surface properties on sludge floc de-
termines the effluent quality and resource recovery efficiency of
the treatment system (14, 15). Thus, investigation of EPS struc-
tural properties enables engineering and process optimization of
current wastewater treatment and biosolid management. AAS
and ADS contribute significantly to global wastewater purification
and resource recovery, but their EPS structural properties are still
far from fully resolved.

From the expanded analytical and biomolecular engineering
techniques, several structural information and functions of EPS
in activated sludge have been identified (16, 17). Isolation and en-
richment followed by molecular characterization are used to
study biopolymers in EPS, through which the molecular struc-
tures of several representative proteins and polysaccharides
(PSs) have been proposed via mass spectrometry and spectros-
copy (18-20). However, some argued that this in vitro character-
ization technique only obtains a portion of the EPS landscape,
and the results are susceptible to the extraction method. In add-
ition, the status of key biopolymer components in EPS remains
unclear, leaving their function poorly defined. In situ character-
ization techniques can offer a nondestructive identification of
EPS molecular structure and probing of the distribution dynamics
of specific biopolymers (2, 21). Several in situ microimaging and
spectroscopy techniques have been applied to reveal the compos-
itional properties of EPS and their effects on the physicochemical
properties of activated sludge (16, 22, 23). Nevertheless, itis still a
great challenge to directly obtain the structure of gel-like net-
works in detail using the current in situ approaches due to the
complex and heterogeneity of EPS (24). Methodological limitations

lead to a largely unexplored in the generation and modulation of
EPS molecular clusters (25).

Molecular dynamics (MD) simulation is an effective tool for tra-
cing atomic-scale phenomena in environmental sciences, which
is ideal for quantitative predictions of compound interactions in
EPS (26, 27). MD simulations have been extensively employed to
explore the self-assembly process and interaction dynamics of
biochemical compounds in previous studies (28-30). Recent stud-
les have increasingly used MD simulations to calculate the EPS 3D
structure and assess the effect of biopolymer composition on clus-
ter properties (31, 32). Similarly, a simplified EPS model was con-
structed in our previous work to elucidate the effect of
multivalent cations on EPS properties (33). These simulations
were based on a limited number of presumed macromolecules
in the absence of realistic molecular structural details, despite
the fact that EPS is a heterogeneous mixture of numerous mole-
cules (34, 35). Models with more versatile and realistic compo-
nents are needed for the accurate reflection of EPS structure and
aggregation behavior.

In this work, the representative structures of biopolymer com-
ponents in two typical floc sludge (AAS and ADS) EPSs were pre-
sented through characterization and screening. Then, the
biopolymer molecular models constructed based on structural
analysis were used in large-scale MD simulations to establish real-
istic EPS models for the first time. Spatial redistribution processes
directed by noncovalent interactions among components were
traced by simulations during the formation of individual EPS mo-
lecular clusters. Moreover, the findings of model analyses pro-
moted the understanding of the modulation mechanisms of key
molecular features in each component on the formation path-
ways and structural properties of EPS (Fig. S1).

Results and discussion

Characterization of EPS composition and key
component structures

The composition of six basic biopolymers in AAS EPS and ADS EPS
was analyzed to screen for potential candidates to be included in
the EPS model (Fig. 1a). Proteins are predominant in both EPS sam-
ples, followed by PSs) and humic substances (HSs). The HS content
of sludge EPS increased significantly after anaerobic digestion,
whereas the content of protein and PS decreased. Proteins, PSs,
and HSs represented more than 80% of the EPS composition, so de-
tailed structural screening of these key biopolymer components
was implemented. To quantify highly abundant extracellular pro-
teinsin AAS and ADS, iBAQ algorithm was used. The detected pro-
teins in AAS EPS and ADS EPS ranked by the iBAQ value are
presented in Fig. 1b and c and Tables S1 and S2. The results of
high-performance size exclusion chromatograph (HPLC-SEC)
(Table S3) and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (Fig. S3) showed the molecular weight (MW) of the
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Fig. 1. Sludge EPS composition and molecular features. a) Biopolymer concentration in AAS and ADS EPS (normalized by sludge total suspended solids
[TSS], concentration in mg/g TSS); b) abundant proteins in AAS and ADS EPS ranked by the iBAQ scores; the accession ID is UniProt ID; intensity is the raw
intensity value of the mass spectrometry signal of the identified PEs; protein secondary structure composition (%) obtained from PredictProtein; the
proteins selected as model constructs in AAS and ADS are highlighted in the table, respectively; c) structures of proteins selected for EPS model
construction; AAS and ADS proteins are labeled with serial numbers, respectively; monosaccharide composition of each part in AAS (d) and ADS (e)
extracellular polysaccharide (main chain core [MCC], main chain edge [MCE], inner part of the branch [IB], branch chain edge [BCE]); f) 13C NMR spectra

and chemical shifts of HSs in AAS and ADS EPS.

sludge extracellular protein was mainly distributed in the range of
10-30 kDa. Thus, AOA940L8G8 and I0AI43 were selected as repre-
sentative extracellular proteins for AAS EPS models, whereas
AOA660HSC1 and AOAIM4UPB4 were selected for ADS EPS model
construction. In addition, AOA495WCH1 and AOA660HR24 were
supplementarily chosen as high p-sheet structural protein repre-
sentatives for the EPS model, since proteins with a high amount of
B-sheet structure exhibited extensive building potential in the bio-
film matrix (36).

The monosaccharide composition of each part in the AAS and
ADS EPS is shown in Fig. 1d and e. AAS EPS was more complex
and contained acidic sugar units. Methylation analyses (Tables

S4 and S5) showed that AAS and ADS EPSs had the same terminal
sugar residues (T-Araf, T-Glcp, T-Galp). However, the branching
points of AAS EPS occurred at 1,3,4-Rhap and 1,2,3-Fucp, and
those of ADS EPS mainly occurred at 1,3,4-Rhap. The analysis of
MW showed that AAS and ADS EPSs had distributions around
1.5 and 3 kDa, respectively, indicating that PSs have two chain
lengths with similar repeating units in both AAS and ADS EPSs.
Therefore, based on the sugar residue content and glycosidic link-
ages, potential structures of AAS and ADS EPS were proposed as
shown in Fig. S4. Particularly, galacturonic acid was detected at
terminals in both the main chain and branched chains of the
AAS EPS, so two PS models were constructed accordingly. As
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shown in Fig. 1f, the percentage of aliphatic and carbohydrate
structures in extracellular HS decreased after anaerobic digestion,
whereas the aromatic degree and carboxyl groups content in-
creased. Based on analytical results of functional groups, organic
element content (Table S6), and MW, HS molecules were con-
structed using VSOMM?2 and optimized according to the percent-
age of carbon types.

Subsequently, different biopolymers were selected and incor-
porated into the models to represent EPS in AAS and ADS, includ-
ing proteins, peptides (PEs), PS, HS, lipid (LIP), amino acid, and
nucleic acid (NA) (Table S7). Initial individual EPS clusters were
constructed using these biopolymer model units, where each
cluster has a protein as its main chain with the remaining units
added based on the designated compositions. Multivalent cations
including Ca?*, Mg**, AI**, and Fe** were added with concentra-
tions matching the average analytical results (Table S8). The re-
maining negative charges were neutralized using Na*. Thus,
three models were constructed for each sludge EPS as representa-
tive individual cluster models using different protein main chains,
with the biopolymer unit composition given in Tables S9 and S10.
In addition, three extra parallel simulations of AAS1 and ADS1
clusters were performed, and the initial positions of components
in each parallel cluster were rearranged to evaluate the reprodu-
cibility of the simulated results; the initial system snapshots of the
raw and parallel simulation clusters are shown in Fig. S5.

Molecular arrangement and interaction
properties of biopolymers in EPS

The stable clusters of EPS with a supramolecular structure were
obtained by MD simulation, and the radii of gyration (Rg) of the
clusters are shown in Fig. S6. All clusters converged and stabilized
after 100 ns alone with a plateau in Rg. Therefore, the last 50 ns of
trajectories was used to analyze the dynamic structural properties
of clusters. As shown in Fig. 2a and b, the probability distribution
function (PDF) for the distribution of biopolymers from the cluster
center of mass (COM) shows that protein main chain (PRO) resides
mostly in the cluster core due to its high content percentage sur-
rounded by the remaining components. AAS EPS clusters had a
denser structure than ADS EPS clusters, which may be related to
the charge carried by the biopolymer molecules, especially the
PRO. AAS2 clusters presented a more compact biopolymer ar-
rangement, whereas AAS3 and ADS3 clusters containing PRO com-
posed mainly of g-sheet had a looser structure. In addition, the
distance of HS molecules COM to the cluster COM in ADS EPS de-
creased with the increased ratio of HS content, suggesting the in-
fluence of HS components on cluster properties increased.
Spatial distribution function (SDF) (Fig. 2c and d) showed the 3D
density distribution of components in dynamic clusters. The bio-
polymer molecules evenly formed a layered structure around the
PRO, and small molecule acid (SMA) molecules were mainly on
the periphery with a wide motion range. Other molecules with
similar structure properties and function did not show an obvious
pattern of rearrangement. Their distribution in the cluster depends
on the initial position and molecular interactions.

The average minimum distances between the components, i.e.
contact maps (Fig. 2e and f), quantify the molecular interaction in
clusters. The color mapping of the minimum distance is set to
make a distinct color at interresidue distances <0.45nm.
Short-range contacts below 0.45nm are the mainly cohesive
source of clusters, including salt bridges, hydrogen bond, and
hydrophobic interactions between residues. PRO played an essen-
tial role in aggregating the remaining molecules and stabilizing

the clusters in all models. PE and PS molecules formed many
short-range contacts with HS, PRO, and other biopolymers con-
currently. The PDF and SDF results indicated that PE and PS play
a pivotal role in tandem molecules in clusters. Meanwhile, the in-
crease in the number of HS chains in ADS clusters did notlead to a
significant increase in contact with other components, indicating
that concentrationis not the primary factor influencing the effect-
ive interactions among biopolymers and other components. As
shown in Fig. 2e and f, few salt bridges were formed among bio-
polymer molecules since many molecules contained only nega-
tively charged groups. Amino groups in the protein fractions
(PRO, PE, and free amine acid [FAA]) are positively charged, so
salt bridges were mostly formed between proteins and HS mole-
cules (Fig. S7). Besides salt bridges and a large number of hydrogen
bonds, other short-range contacts of residues include hydropho-
bic interactions and molecular entanglements also played im-
portant roles in maintaining the configuration of biopolymers.

Aggregation pathway and structural properties
of EPS cluster

Residue contacts generated functional group bridging, leadingto a
decrease in solvent-accessible surface area (SASA) during the bio-
polymer aggregation processes. As shown in Fig. S8, a noticeable
decrease occurred in both hydrophilic and hydrophobic SASA of
biopolymers during the cluster formation process, suggesting
that EPS cohesion is a cooperation of polar and nonpolar interac-
tions. Stabilized EPS cluster surfaces were abundant in both
hydrophilic and hydrophobic regions (Fig. 3a). The hydrophilic
surface was mainly provided by oxygen- and nitrogen-containing
groups, while the hydrophobic region was basically composed of
carbon- and hydrogen-containing groups (Fig. S9). Compared
with AAS, the exposed area of nitrogen-containing polar groups
in ADS cluster was reduced, suggesting a decrease in the contribu-
tion of protein-like fractions to the surface properties of EPS.

Free energy surfaces (FESs) of AAS1 and ADS1 were calculated
along two process variables, the ratio of hydrophobic and hydro-
philic SASA, representing the occupancy degree of nonpolar and
polar active regions, and the R, of clusters, representing the de-
gree of biopolymer aggregation. The FES landscapes for different
time frames (0-200 and 70-200 ns) are shown in Figs. 3b and
S10. An approximate diagonal pathway can be observed from
the initial state to the biopolymer fully associated state in both
clusters, especially in ADS1. Thus, polar functional groups were
more utilized for biopolymer chain association during cluster for-
mation. Similar results were observed from SASA change in bio-
polymer components, where the hydrophilic surface area
percentage of all molecules except LIP decreased after cluster for-
mation (Fig. S11). In addition to a deep energy well representing
the final state, several shallow wells, representing the transition
substates, were presented in the FES of AAS1 and ADS1, suggest-
ing the formation of EPS clusters occurred on a rugged energy
landscape with multiple minima on the path to the final ordered
state, a scenario reminiscent of protein and RNA folding (37, 38).
ADS1 has more transition substituents than AAS1 during cluster
stabilization; in other words, biopolymer aggregation in ADS
undergoes a more rugged process. Consistent sources of biopoly-
mer noncovalent interactions led to the similar dynamic modula-
tion process of AAS and ADS clusters. The free energy extended to
areas with higher hydrophobic SASA ratio and lower Rg, while the
hydrophobic SASA proportion decreased with the formation of the
final stable clusters, indicating the contribution of the hydropho-
bic groups in the cluster further stabilization.
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Fig. 2. Molecular arrangement and interaction dynamics of components. a) PDF for the distribution of the component molecules in AAS EPS; b) PDF for
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MD snapshots of biopolymers in three states of ADS1 were
extracted for solidification and observation of functional group
interactions during cluster stabilization (Fig. 3c). The representa-
tive structure at state 1 (HPO SASA/HPI SASA, Rg) =(0.87, 3.38)
showed that the biopolymer formed a major agglomerate and
several small agglomerates, a common state of EPS clusters,
with free energy barriers formed by the negative surface charge
keeping the agglomerates dispersed (31). In contrast to AAS,
more negatively charged biopolymers in ADS EPS make it easier
to form multiple temporary clusters balanced by negative poten-
tial barriers, leading to more intermediate states in the formation
of ADS1 clusters. When the contact between polar groups gener-
ated effective interactions to break the barrier, the agglomerates
were further assembled to reach a metastable state 2 (0.89, 3.3).
Subsequently, agglomeration-promoted molecular interactions
(hydrophobic interactions and hydrogen bonding) triggered
structural transition to a more stable state 3 (0.88, 3.24). This pro-
cess elucidates a potential mechanism of initial EPS matrix
formation, where individual molecular chains or small clusters
are incorporated into the matrix by ionic interactions and
subsequently stabilized by hydrogen bonds and hydrophobic
interactions. Molecular arrangement depends on where effective
contact occurs, and the random distribution of biopolymers in
wastewater treatment systems contributes to the heterogeneity

and complexity of the resulting EPS matrix. This is also reflected
in the parallel simulations of AAS1 and ADS1, where differences
in initial positions lead to variations in the generation of compo-
nent interactions, resulting in distinct aggregation processes
among parallel clusters (Fig. S12). However, all parallel systems
form a layered assembled cluster centered around PRO after
100 ns of simulation. Meanwhile, AAS1 parallel clusters have a
more compact structure than ADS1 parallel clusters. The partial
distribution of components and groups differs greatly among
parallel clusters (Fig. S13), whereas the cluster size and surface
properties remain similar (Fig. S14). Therefore, the composition
and structure of the components determined EPS macroscopic
properties.

As shown in Fig. 3d, the average binding energy of biopolymer
molecules was calculated (method given in Text S7) for each mod-
el of AAS and ADS. The average electrostatic repulsion between
biopolymers in ADS clusters is higher than that of AAS, suggesting
a larger energy barrier to overturn in ADS clusters. Van der Waals
(VDW) forces from hydrophobic interactions in each cluster were
similar and favorable for stabilization. In addition, the results of
binding free energy showed that all clusters except AAS2 are
hard to spontaneously aggregate and reach the final steady state
in the absence of metal ions. Tighter intermolecular interactions
gave AAS clusters a more stable structure than ADS.
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biopolymer molecules to maintain cluster stability in each system.

Large clusters of AAS and ADS EPS were constructed using the
individual cluster models, respectively, to investigate the aggrega-
tion behavior of the cluster during the broader EPS matrix forma-
tion process (Fig. S15). The contact numbers among individual
clusters were used to trace the formation and stabilization of mo-
lecular clusters (Fig. S16a), interaction of biopolymers in AAS and
ADS clusters stabilized after 150 ns. The formation of larger clus-
ters followed by the decrease in hydrophobic and hydrophilic
SASA (Fig. S16b), suggests the formation and stabilization of large
clusters also rely on the interactions between polar and nonpolar
groups. The spontaneous formation of large clusters had no obvi-
ous and regular effect on the surface properties of individual clus-
ters (Fig. S17a-c). Surface properties determined by the
biopolymer molecular features and arrangement were the basis
for interactions among individual clusters and capture of other
molecules. Thus, the stabilization process of large clusters was
similar to the individual cluster aggregation behavior, and AAS
clusters showed a more stable structure (Fig. S17d and e).

Modulation mechanism of components on EPS
formation and structural properties

To further clarify the role of biopolymers in the formation and sta-
bilization of EPS, the effect of different features in each individual
component on structural formation of EPS was then investigated.
The contributions from each component to the total SASA can be
further parsed into information on the surface-active property
(Fig. 4a). PRO, PS, and SMA fractions had similar hydrophobic and
hydrophilic SASA in each system, whereas PE and LIP contributed
more to hydrophobic surface area. Of particular interest is that HS
not only represented the majority of hydrophobic SASA in EPS,

but also contributes the most hydrophilic SASA. As shown in
Fig. 4b, PRO was favorable for component aggregation and stabiliza-
tion in each cluster as predicted above, and positively charged AAS
PROs had the stronger binding capacity. PS also contributed to the
maintenance of cluster stability in each system, whereas the pres-
ence of HS was almost detrimental to biopolymer aggregation.

Protein

As shown in Figs. 4c and S18, the binding energy between PRO and
the remaining components in each system was grouped based on
the residues corresponding to the secondary structure (a-helix with
green background, g-sheet with pink background). The binding en-
ergy among o-helix residues and other biopolymers was higher
than the residues comprising g-sheet structure in all systems. Even
in ADS3 cluster, PRO consists almost entirely of g-sheet structure;
the average binding energy between the a-helix residues and other
components is still significantly higher than pg-sheet residues.
Meanwhile, the contact numbers between PRO residues and the re-
maining biopolymers in each system were counted (Fig. S19). The
contacts with a-helix residues showed no significant difference
from p-sheet residues in each PRO (P> 0.05), indicating that the resi-
dues were not enhancing the aggregation capacity of a-helix struc-
ture by generating more interaction points. As representatives of
the abundance a-helix and g-sheet structures, the corresponding
structural residues in AAS2 and ADS3 were picked for further ana-
lysis (Fig. 4d). The results of MD snapshots and binding energy com-
positions indicated that the a-helix structure contained more polar
groups than g-sheet, forming numerous polar effective interactions
including hydrogen bonds and salt bridges. These polar interactions
provided higher binding energies than the hydrophobic interactions
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in the g-sheet structure, enhancing the aggregation efficacy of the
a-helix structure for biopolymer molecules, thus resultingin a denser
molecular network in the system with PRO composed mainly of
a-helix. PROs with larger MWs and more residues could support
more contacts and interactions with other molecules (Fig. 2e and
f), but the binding free energy of PRO in ADS1 was not higher than
other ADS. AAS PROs (especially AAS2) with more positively charged
groups possessed a higher binding free energy. Therefore, the com-
position and distribution of polar groups are key determinants of
protein modulation capacity.

Polysaccharide

PS components in AAS and ADS clusters have similar contribu-
tions of surface amphiphilicity and binding free energy. In

contrary to the results of previous EPS model, PS was favorable
for component aggregation in each cluster (33). Monosaccharide
composition caused this discrepancy. The abundance sugar unit
in AAS and ADS consists of fructose, rhamnose, and arabinose,
where hydroxyl and hydrocarbon groups provide the basis for
hydrogen bonding and hydrophobic interactions between the PS
and the remaining components. Thus, there are both sizable polar
and nopolar components in the binding free energy of most resi-
dues (Figs. 5a and S20a). Remarkably, residues with high affinity
were mainly found at the periphery of the PS chain. The average
binding energy and the contact number between the residues
and the remaining molecules progressively increased with the dis-
tribution position shifting outward in all systems (Figs. 5b and
S20b), which suggested that the residues on branched chains
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and the edge of the main chain have high interaction efficiency.
Similarly, galacturonic acid unit on the PS branched in AAS pos-
sessed a higher contact efficiency with cationic groups compared
with the units on the main chain (Fig. S21). Meanwhile, the diverse
glycosidic linkage and branching structure result in the stretching
of the PS molecular chains in the EPS clusters, enhancing the con-
tact efficiency between the residues and the remaining molecules
(Fig. 522). These factors promoted the modulation of cluster sta-
bility by PS.

Humic substances

HS dictated the surface properties of EPS. Although HS generally
considered representative of hydrophobic functional group pos-
sessors, the result of SASA suggested that HS contributed more

to the hydrophilic region of the EPS cluster surface. Especially in
ADS EPS, HS occupied nearly half of the hydrophilic surface area
of the cluster. The abundance of oxygen-containing functional
groups elevated the contribution of HS molecules to the polarity
of EPS, among which carboxyl groups imparted electrostatic re-
pulsion between HS and the remaining components that inter-
fered with the self-assembly and stabilization of clusters. The
average binding energy of these interactions consisted of mostly
electrostatic repulsion and slight VDW (Fig. 5c). The higher HS
content in ADS brought more instability to the clusters than
AAS. The decrease in MW, carbohydrate-C, and aliphatic-C con-
tent resulted in the chain shortening in HS after anaerobic diges-
tion, resulting in a more effective charge density enhancement
from increased carboxyl group content (Fig. S23). Thus, the mo-
lecular electrostatic repulsion was further enhanced, and the
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stability and compactness of EPS cluster were reduced. It is note-
worthy that the increase in the aromatization degree of ADS HS
brought no significantly increase to the VDW component of the
binding energy, which is attributed to the electrostatic repulsion
induced by carboxylate groups that prevented the short-range
intermolecular contacts and affected the hydrophobic interac-
tions between the aromatic groups. Although the results of the ra-
dial distribution functions (Fig. S24) proved the presence of
hydrophobic interactions in the main contacts between HS and
the remaining molecules, the interactions between polar groups
determined the function and distribution of HS in EPS clusters,
which was also corroborated by the changes in SASA (Fig. S11).
Representative MD snapshots (Fig. 5d) showed the behavior of
three molecular chains with different VDW components in
AAS1. Cation-assisted contact of HS2 with molecules inside
clusters promoted hydrophobic group interactions, whereas the
distribution of HS3 and HS4 on the cluster surfaces caused the
lack of opportunities for effective hydrophobic interaction.
Electrostatic repulsion affected the short-range contact between
HS and other molecules, preventing effective hydrophobicity
interaction and placing the HS chains at the cluster surface.

Other components

The contributions of LIP, SMA, and metal ions to cluster formation
in the EPS model were also investigated. LIP was the only compo-
nent interacting with other molecules mainly through hydropho-
bic groups, because of its chain structure. Although LIPs might
suffer from electrostatic repulsion between the head carboxyl
group and the remaining molecules, the hydrocarbon structure
provided active hydrophobic interaction sites (Fig. S25). Thus,
the LIP molecules distributed in the cluster interior acted as
hydrophobic bridges of the remaining molecules (Fig. Se). LIP mol-
ecules distributed at the cluster periphery interacted with aro-
matic groups in HS, resulting in hydrophobic pockets on EPS
(Fig. S26). Affinity between the SMA component and the remaining
components was observed in all systems (Fig. S27a). SMAs were
hardly immobilized in the cluster since short molecular chains
were unable to generate multiple effective contacts simultan-
eously. Therefore, SMA component showed an external and
wide distribution in clusters, presented higher capacity of free dif-
fusion than other components in each system (Fig. S27b). High
mobilization properties impart roles to SMA components in inter-
cluster and intercellular communication and source transfer.
Metal ions, especially multivalent cations, were imperative in
the formation and stabilization of clusters. Most of the clusters,
especially ADS clusters, will not be formed and stabilized success-
fully in the absence of metal ions. Multivalent cations promoted
cross-linking between biopolymers via electrostatic salt bridge
networks (Fig. S28). ADS has more abundant negatively charged
groups, requiring more multivalent cations to promote biopoly-
mer aggregation and maintain its structure than AAS.
Complexation sites in ADS can further trap cations and enhance
the bioavailability of metal ions. Electrical neutralization and
bridging provided by metal ions reduce electrostatic repulsion be-
tween biopolymers and facilitate intermolecular contact. Based
on these mechanisms, the injection of multivalent cations during
water treatment can significantly alter the EPS clusters. The bridg-
ing of negatively charged functional groups by multivalent cati-
ons can cause the rearrangement of biopolymer components,
modify the polar functional groups distribution on cluster surfa-
ces, and reduce the hydrophilicity surfaces. Meanwhile, more
metal cations will further promote the short-range contact

between biopolymers, improve the hydrogen bonding and hydro-
phobic interactions between biopolymer molecules, and enhance
the density and stability of EPS clusters (33). Trivalent cations of
Fe* and AI** had higher bridging efficacy due to the charge num-
ber, but in relatively low quantities (Fig. S29a and b). The major
bridge provider in clusters was the most abundant Ca®*
(Fig. S29¢). In addition to bridging, the neutralization of negatively
charged groups by cations had a significant role in promoting bio-
polymer aggregation. The binding energy between the HS and
cluster neutralized by Na* was significantly higher than in the ab-
sence of Na* (Fig. S29d).

The results of interaction analysis and energy calculations elu-
cidated the functional contributions of each component to EPS
clusters, and the molecular arrangement and interaction proper-
ties of each component and their modulation mechanisms on EPS
structural properties of EPS are given in Table 1. However, despite
the detailed investigation of typical components in EPS, certain bi-
opolymers possessing different structural features (e.g. amyloid
and cellulose) remain underexplored. Further characterizations
and simulations are needed to reveal the specific roles of these
components in EPS formation and functionality.

Potential implications

EPS structure properties are known to determine the morphology
and physicochemical characteristics of activated sludge in waste-
water treatment system (33, 39). The diverse composition and
flexible arrangement of biopolymers provide microbial aggregates
with a highly adaptable infrastructure, as well as contributing to
the EPS complexity and heterogeneity, resulting in impediments
to the investigation of EPS aggregation dynamics and structural
properties (24, 25). In this study, we built realistic EPS cluster mod-
els by combining chemical characterization and MD simulations
and tracked the component functional interactions at atomic
scale. The role of polar interactions (salt bridges, hydrogen bonds)
and hydrophobic interactions in the EPS formation and stabiliza-
tion process were clarified, and key molecular factors modulating
such complex dynamic processes in different biopolymers were
revealed. Simulation results provided the microscopic molecular
validation and presentation of important inferences for previous
EPS studies, which shed light on the molecular functions of key
components to a nearly in situ level (40, 41). These insights pro-
vided guidance for EPS production and conditioning engineering.
For instance, injection of positively charged groups or controlling
PH can reduce the rugged process in biopolymer aggregation and
EPS formation. Identification of the components that dominate
the structural properties of EPS can provide a basis for targeted
regulation of AAS and ADS. More attention can be focused on
the regulation of the protein component during AAS EPS treat-
ment process, e.g. to reduce the hydrophilicity of the EPS by
modulating the conformation of protein through the polar solu-
tion. In contrast, the regulation of ADS EPS can focus on the HS
components, such as using multivalent metal ions or cationic pol-
ymers to enhance the cohesion between HS and biopolymer mol-
ecules. Meanwhile, the retention of hydrophobic toxicants by HS
and LIP during sludge anaerobic digestion process should be fur-
ther considered. Additionally, the impact of key component varia-
tions in influent from different regions on EPS structural
properties also warrants attention. For instance, an increase in or-
ganic matter content in influent can lead to larger EPS cluster
sizes, while a rise in heavy metal ion concentrations can promote
EPS aggregation, resulting in more compact sludge flocs (42).
Molecular characterization and biopolymer screening allowed
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Table 1. Summary of analytical results for each component in EPS cluster.

Components

Molecular arrangement and interaction properties

Modulation mechanism on EPS structural properties

Protein main

chain remaining components
Polysaccharide Distributed between central and peripheral components,
forming numerous short-range contacts with other
biopolymers concurrently
Humic Mainly on the periphery of clusters
substance
Lipid Distributed between central and peripheral components,

interacting with hydrophobic groups

Small molecule Mainly on the periphery with a wide range of motion
acid

Metal ions

groups

Located at the cluster core, interact most frequently with the

Critical for aggregating the remaining molecules and stabilizing the
clusters, polar groups in the a-helix enhanced aggregation
efficiency

Facilitating component aggregation, hydroxyl and hydrocarbon
groups support hydrogen bonding and hydrophobic interactions
with the remaining components

Impeded the smooth aggregation of clusters, dictated EPS surface
properties, formed hydrophobic pockets with LIPs on cluster
surface

Acted as hydrophobic bridges for hydrophobic molecules, increased
cluster hydrophobic surface area

Influencing the surface properties of clusters and facilitating
resource translocation

Distributed inside the clusters, bridged the negatively charged Promoted cross-linking between biopolymers, reduced repulsion

among negatively charged groups, enhanced cluster stability

for faithful modeling of realistic EPS, permitting a rigorous mo-
lecular interpretation of complex mesoscopic observations. This
is especially important in relation to EPS molecular structure
and biopolymer distribution observed through biofilm matrix biol-
ogy investigations using a variety of in situ imaging and chemical
characterizations (43-45). Microscopic characterization methods
such as fluorescence in situ hybridization, atomic force micros-
copy, and quartz crystal microbalance with dissipation can be
used to determine the distribution of components, surface proper-
ties, and structural strength of EPS. This facilitates the establish-
ment of a quantitative relationship between simulation results
and actual properties, enhancing the accuracy of model predic-
tions (46-48). Although there are still computational and analytic-
al challenges in matching realistic temporal and spatial scales
while not losing molecular specificity in EPS models, this study
provided a strategy to extract statistically insightful information
on EPS aggregation process and component interactions; broader
conformational dynamics can be accessed by combining model
derivation (e.g. Markov state models, etc.) based on these trajec-
tories and intermediate states (49, 50). In addition, the presented
modeling strategy holds considerable potential for advancing
the capture of complex molecular features of various extracellu-
lar matrixes; more valuable details of biopolymer interactions
can be described by enforcing the connection between model iter-
ations and experiments. Further construction of EPS models from
multiple different sources and EPS-cell membrane interaction
models can reveal the complex interfacial behavior and reaction
processes in wastewater treatment processes.

Materials and methods
EPS extraction

Fresh AAS and ADS were collected from the same operating sys-
tem of a wastewater treatment plant located in Beijing, China,
and the basic properties of AAS and ADS are provided in
Table S11. EPS was extracted by cation exchange resin technique
because of its low cellular damage and easy separation (51). The
detailed procedures for EPS extraction and content analysis are
provided in Text S1 (Supplementary Information).

Key components separation and structural
characterization

The methods of protein isolation from EPS were modified on the ba-
sis of trichloroacetic acid sedimentation. PS was isolated and

purified using the precipitation method with ethanol. HSs were
purified according to the methods provided by the International
Humic Substances Society. The detailed separation procedures
for each component are described in Text S2. The MW of the sepa-
rated components was then analyzed by an Agilent LC pump Series
1220 (CA-1220; Agilent Co., USA) equipped with a HPLC-SEC.
Proteins were analyzed by 4D label-free-based mass spectrometry
proteomics, and iBAQ algorithm was used to find the abundant pro-
teins in the samples (52). Details for the procedures for proteomics
analysis and abundance assessment are provided in Text S4. PSmo-
lecular structure was resolved by monosaccharide composition
analysis, partial acid hydrolysis analysis, and methylation analysis,
and details for the methods are given in Text S5. Elemental analysis
and NMR spectroscopy were employed to characterize HS, and add-
itional details of the method are given in Text S6.

Biopolymer models construction

The structure of identified proteins was predicted utilizing
SWISS-MODEL and AlphaFold 2.3 based on the amino acid sequen-
ces collected from UniProt database (53, 54). The highest ranking
predicted model determined by Global Model Quality Estimate
and predicted local distance difference test score was selected.
Meanwhile, PE chain models were constructed based on high-
intensity PE sequences detected in proteomic analysis. The PS
models and molecular force field topology were generated using
GLYCAM-Web (http:/glycam.org). VSOMM?2 (https:/somm.boku.
ac.at/) was used to generate the theoretical models of HS mole-
cules, and the characterization data were input through the ad-
vanced model to complete the model calculations (55). The
resulting model was processed and structurally optimized by
Avogadro 1.2 (56). LIP molecules were screened by the fourier
transform ion cyclotron resonance mass spectrometry analysis of
extracellular organic matter of the same sludge samples in our oth-
er studies. The structure of selected biomolecules was identified
via LIPID MAPS (http:/www.lipidmaps.org/). Monophosphate nu-
cleotides consisting of adenosine, cytidine, thymidine, and guano-
sine were chosen as the model for NAs. Serine, tryptophan, and
phenylalanine were identified as FAA components in the EPS mod-
el based on the analysis of FAA (Table S12). NA and FAA formed the
SMA component of the EPS cluster model.

MD details

All the simulations were performed using GROMACS (2020.6) pro-
gram in TIP3P H20 model with the periodic boundary conditions
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(57). The Amber14SB force field was used for the protein and NA
molecules, and the force field for PS, HS, and LIP was obtained us-
ing AmberTools23 (58). The additional details on the computation
and analysis of trajectories are given in Text S7.

Supplementary Material

Supplementary material is available at PNAS Nexus online.
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